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NOTATION 

The  nomenclature  defined  in  DTMB  Report  1319  is 
used  herein  where  applicable.  The  positive  direction 
of  axes,  angles,  forces,  moments,  and  velocities  are 
shown  in  the  accompany  sketch.  The  coefficients  and 
symbols  are  defined  as  follows: 
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The  angle  of  attack;  the  angle  to  the  longitudi¬ 
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SUPPLEMENTARY  NOTATION 
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DIMENSIONLESS  FORM  DEFINITION 
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L 
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SUBSCRIPTS 


SYMBOL  DIMENSIONLESS  FORM  DEFINITION 
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B  +  FF 
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F  or  FF 
i 

LF 

L 

M 

n 

P 

r 

s 

UF 
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Due  to  body 
Body  plus  fins 
Calculated 

Fairwater  or  conning  tower 
Due  to  fin(s) 

Induced 
Lower  fin 
Local 
Measured 

Control  point  number 

Port  side 

Root 

Starboard  side 
Upper  fin 
Tip 


FB 


Fin  balance 
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ABSTRACT 

A  comprehensive  series  of  wind-tunnel  experiments  were  con¬ 
ducted  to  determine  the  static-lateral  stability  characteristics 
of  a  systematic  series  of  submarine-type  fin-body  combinations. 
The  effects  of  body-boundary  layer  and  sidewash,  fin-aspect 
ratio,  fin-taper  ratio,  and  diameter-span  ratio  on  the  total 
forces  and  moments  of  the  fin-body  combinations  as  well  as  on  the 
fins  in  the  presence  of  the  bodies  were  evaluated.  Measurements 
were  also  made  to  define  the  body  boundary  layer  and  sidewash  in 
the  vicinity  occupied  by  the  fins.  Visualization  of  the  flow 
behind  the  body  and  body-fairwater  combination  was  observed  by 
means  of  a  tuft  grid.  The  results  of  the  investigation  are  pre¬ 
sented  in  the  form  of  plots  and  tabulations  of  the  nondimen- 
sional  force  and  moment  coefficients,  static  stability  deriva¬ 
tives  and  mutual  interference  factors.  Also,  comparisons  of 
the  results  are  made  with  theory  and  calculations  based  on  a 
modified  lifting  surface  method. 
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INTRODUCTION 

HYDRONAUTICS,  Incorporated  was  requested  by  the  David  W. 
Taylor  Naval  Ship  Research  and  Development  Center  to  prepare  a 
technical  report  summarizing  the  experimental  results  obtained 
from  a  systematic  series  of  wind-tunnel  experiments  performed 
to  determine  the  static- stability  characteristics  of  submarine 
type  fin-body  combinations,1  The  primary  purpose  of  the  inves¬ 
tigation  was  to  determine  the  effects  of  body-boundary  layer 
and  sidewash,  fin-aspect  ratio,  fin-taper  ratio,  fin-gap  ratio, 
and  body-fin  span  ratio  on  the  total  forces  and  moments  of  the 
fin-body  combinations  and  to  present  the  results  in  a  form  use¬ 
ful  for  predicting  the  static  stability  characteristics  of  Sub¬ 
marines,  torpedoes,  and  other  submersibles .  As  an  integral 
part  of  this  study,  the  forces  on  the  fins  in  the  presence  of 
the  body  as  well  as  the  characteristics  of  the  flow  field  in 
which  the  fins  are  immersed  were  also  to  be  evaluated. 

The  prediction  of  the  stability  and  control  characteristics 
of  submarines,  torpedoes,  and  other  submersibles  during  the  pre¬ 
liminary  design  stage  is  of  primary  concern  to  the  U.  S.  Navy. 
Prediction  of  these  characteristics  requires  a  knowledge  of  the 
stability  derivatives  which  are  specified  by  the  equations  of 
motion.2’3  Attempts  have  been  made  to  calculate  the  required 
stability  derivatives  using  potential  flow  and  strip-theory 
methods.  In  general,  these  efforts  have  not  been  successful 
due  to  a  lack  of  understanding  of  the  interference  mechanisms 
existing  between  submarine  type  fin-body  combinations.4  Most 
of  the  theoretical  and  experimental  investigations  pertaining 
to  fin-body  or  wing-body  interference  do  not  include  the  effects 
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of  body-boundary  layer  and  sidewash. 5 ’ 6 ’ 7 ’ 8 ’ 9 ’ 1 0 ’ 1 1 ’ 1 2  In 
general  the  results  and  methods  presented  in  the  current  lit¬ 
erature  apply  to  wings  and/or  fins  which  extend  far  beyond  the 
body  boundary  layer.  Therefore,  a  considerable  overestimation 
of  fin  effectiveness  and  fin-body  interference  is  obtained  if 
these  results  are  applied  to  submarine  configurations  which  are 
equipped  with  low-aspect-ratio  lifting  surfaces  that  are  com¬ 
pletely  immersed  in  the  body-boundary  layer.  Another  predic¬ 
tion  method  available  to  the  designer  is  based  on  the  results 
of  systematic  series.  Systematic  series  afford  the  designer  a 
data  base  which  can  be  used  to  predi' t  the  stability  character¬ 
istics  of  a  submarine  having  physical  characteristics  encom¬ 
passed  by  the  series.  Results  of  typical  systematic  series 
which  provide  the  static  stability  characteristics  of  low-aspect- 
ratio  fins  and  bodies  applicable  to  submarine  design  are  pre¬ 
sented  in  References  13,  14,  and  15,  respectively. 

In  1953  a  fin-body  investigation  was  proposed  which  was  a 
natural  extension  of  the  systematic  series  investigations  pre¬ 
sented  in  References  13  and  14.  The  systematic  program  proposed 
originally  was  designed  to  evaluate  the  mutual  interference  ef¬ 
fects  of  the  fin  and  body  combinations  due  to  fin-aspect  ratio, 
body-tail-taper  ratio,  body-fineness  ratio,  and  fin-taper  ratio. 
Also,  the  effects  of  various  forward  appendages  and  modifica¬ 
tions  to  the  bow  section  of  the  bodies  were  to  be  studied.  In 
addition,  the  determination  of  the  flow-field  in  the  vicinity  of 
the  fins  as  affected  by  the  body  and  any  forward  appendages  was 
to  be  studied.  It  was  proposed  that  the  investigation  be  con¬ 
ducted  in  either  the  NACA  Ames  12-foot  Variable-Pressure  Wind- 
Tunnel  or  the  NACA  Langley  7  x  10-fOot  Wind  Tunnel  to  achieve 
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high  Reynolds  number  test  conditions.  The  wind  funnel  facility 
was  proposed  for  these  studies  to  simplify  the  instrumentation 
requirements  and  to  eliminate  the  effects  of  strut  interference 
experience  in  the  tests  reported  in  Reference  14.  The  Three- 
Component  Dynamometer  and  Yaw  Oscillator  Systems  used  at  DTMB 
in  the  early  1950 's  for  submerged  body  static  and  dynamic  sta¬ 
bility  testing  are  described  in  References  4  and  14.  In  these 
systems  the  models  were  supported  by  a  large  vertical-faired 
single  strut  and  the  model  drift  angles  were  changed  in  the 
plane  normal  to  the  faired  strut.  Forces  and  moments  were  mea¬ 
sured  by  an  external  balance  system  and  as  a  result  the  effects 
of  the  strut- fairing  interference  introduced  large  errors  in 
the  lateral  force  measurements.  The  introduction  of  the  Planar 
Motion  Mechanism  in  195516,17.  is  enminated  the  strut-fairing 
interference  problem,  the  measurement  problems,  and  the  model 
size  reductions  associated  with  the  equipment  described  in 
References  4  and  14. 

Due  to  funding  and  scheduling  problems  associated  with  the 
use  of  the  NACA  facilities,  the  scope  of  the  original  program 
was  reduced  and  the  tests  were  conducted  in  the  DTMB  8  x  10-foot 
Wind  Tunnel19.  As  part  of  the  program  special  miniature  multi- 
component  strain-gage  balances  were  developed  for  measurement  of 
the  fin  lift  and  bending  moments.  These  balance  designs  were 
innovative  and  stretched  the  strain-gage  state-of-the-art  exist¬ 
ing  in  1953.  The  development,  calibration,  and  use  of  a  small, 
diameter,  multi-tube  yawhead  rake  was  also  innovative  and  unique 
when  compared  with  the  single,  thirteen-hole  spherical  probe 
(0.75-inch  diameter)  commonly  used  at  DTMB.  The  tests  were  con¬ 
ducted  during  the  latter  part  of  1954.  The  force  data  and  flow 
data  were  reduced  to  coefficient  form  using  Frieden  desk  ealeu- 
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lators .  All  data  reduction  was  independently  checked.  Theo¬ 
retical  calculations  using  a  Modified  Lifting  Surface  Method 
were  also  completed  during  this  period. 

This  report  describes  the  bodies  of  revolution  and  fin 
configurations;  the  facilities  and  special  test  equipment  de¬ 
veloped  for  the  program;  outlines  the  program  and  test  pro¬ 
cedures  used  in  the  investigation;  explains  the  methods  used  to 
reduce  and  analyze  the  results;  presents  the  basic  test  results 
in  the  form  of  nondimens ional  coefficients  versus  angle  of 
sideslip  in  Appendices  A  and  B;  provides  in  Appendix  C  a  de¬ 
tailed  description  of  the  design  and  calibration  of  the  pitot- 
static-yawhead  rake  used  for  the  flow  surveys;  describes  and 
illustrates  a  Modified  Lifting  Surface  Method  in  Appendix  D; 
summarizes  the  results  using  graphs  and  tables;  compares  the 
results  with  various  theories  and  discusses  the  results  and 
draws  conclusions  based  on  these  analyses. 
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DESCRIPTION  OF  MODELS 

The  overall  dimensions  and  other  pertinent  characteristics 
of  the  bodies  used  in  the  present  investigation  are  presented  in 
Figure  1(a).  As  shown  in  Figure  1(a),  the  basic  body  B1  is  a 
streamlined  body  of  revolution  having  an  overall  length  of  91.20 
inches  and  a  maximum  diameter  of  12.44  inches  (TMB  Model  4439). 
The  model  offsets  are  based  on  the  Series  58  formulation  pre¬ 
sented  in  Reference  20.  The  model  was  constructed  of  mahogany 
and  was  equipped  with  an  aluminum  tail  cone.  The  offsets  and 
geometric  characteristics  of  Body  B1  are  presented  in  Table  1. 

Body  B3  consists  of  the  same  forebody  as  body  Bl  and  a  con¬ 
stant  diameter  afterbody  equal  to  the  maximum  diameter.  The 
constant  diameter  section  of  Body  B3  was  obtained  by  adding  a 
cylindrical  mahogany  sleeve  to  body  Bl .  Thus,  the  fineness 
I'atio  for  both  bodies  is  7.33. 

The  planform  chosen  for  the  basic  fin  series  used  in  the 
present  study  was  obtained  from  the  unswept  series  evaluated  for 
free-stream  conditions  in  Reference  13.  The  geometric  charac¬ 
teristics  of  the  fins  are  presented  in  Table  2.  Fin  designa¬ 
tions  and  other  definitions  are  presented  in  Figure  1(b).  As 
shown  in  Table  2  and  Figure  1(b)  the  fin  series  had  unswept 
quarter-chord  lines  and  geometric -aspect  ratios  (based  on  one 
fin)  of  0.5,  1.0,  1.5,  and  2.0  for  a  taper  ratio  of  0.45;  a 
span  variation  for  a  constant  geometric-aspect  ratio  of  1.0  and 
taper  ratio  of  0.45;  and  a  taper  ratio  variation  of  0.45,  1.0, 
and  1.5  for  a  constant  geometric -aspect  ratio  of  1.0.  The  fins 
were  attached  to  the  bodies  at  the  locations  defined  in  Fig¬ 
ure  1(a).  The  fins  were  fabricated  using  both  mahogany  and  a 
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TABLE  1 

GEOMETRIC  CHARACTERISTICS  OF  BODY  B1 
(TMB  MODEL  4439) 


Length,  ft.  7.60 

Maximum  diameter,  ft.  1.037 

Fineness  ratio  7.33 

Prismatic  coefficient  0.60 

Volume,  cu.  ft.  3.84 

Wetted  surface  area,  sq.  ft.  18.11 

Longitudinal  distance  from  FP  to  CB,  ft.  3.382 


Body  Offsets 


X 

y 

X 

y 

inches 

inches 

inches 

inches 

0.0 

0.000 

47.42 

5.989 

1.82 

1.773 

49.25 

5.908 

3.64 

2.522 

51.07 

5.882 

5.47 

3.095 

52.90 

5.720 

7.30 

3.571 

54.72 

5.609 

9.12 

3.977 

56.54 

5.487 

10.94 

4.332 

58.37 

5.350 

12.77 

4.641 

60.19 

5.204 

14.59 

4.913 

62.02 

5 . 043 

16.42 

5.153 

i  63.84 

4.871 

18.24 

5.361 

65.66 

4.683 

20.06 

5.538 

67.49 

4.480 

21.89 

5.695 

69.31 

4.262 

23.71 

5.827 

71.14 

4.025 

25.54 

5.933 

72.96 

3.773 

27.36 

6.024 

74.78 

3.501 

29.18 

6.095 

76.61 

3.209 

31.01 

6.146 

78.43 

2.896 

32.83 

6.186 

80.26 

2.560 

34.66 

6.207 

82.08 

2.201 

36.48 

6.219 

83.90 

1.816 

38.30 

6.207 

85.73 

1.406 

40.13 

6.186 

87.55 

0.967 

41.95 

6.156 

89.38 

0.499 

43.78 

6.110 

91.20 

0.000 

45.60 

6.065 

TABLE  2 

GEOMETRIC  CHARACTERISTICS  OF  FINS  USED 
IN  COMBINATION  WITH  BODIES  B1  AND  B3 
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dental-type  casting  plastic  material.  The  base  of  the  fins 
was  adapted  to  either  body  B1  or  B3  by  means  of  filler  strips. 
For  Body  B1  the  filler  strips  provided  a  12-degree  slant  to 
fit  the  average  slope  of  the  body  at  the  mounting  points.  For 
body  B3  the  filler  strips  provided  a  zero  degree  base  as  shown 
in  Figure  2(c).  Photographs  of  bodies  B1  and  B3  and  the  fin 
series  are  shown  in  Figure  2. 

The  fairwater  (conning  tower)  used  with  TMB  model  4439  was 
adapted  to  fit  body  B1  as  shown  in  Figure  1.  The  overall  di¬ 
mensions  for  the  fairwater  (CT)  are  also  presented  in  Figure  1. 
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DESCRIPTION  OF  FACILITIES  AND  TEST  APPARATUS 

The  experimental  investigation  was  conducted  in  the  8  x  10- 
foot  Subsonic  Wind  Tunnel  located  at  the  Taylor  Model  Basin. 

This  tunnel  is  an  atmospheric,  closed-throat ,  return-flow  type 
in  which  a  maximum  airspeed  of  about  160  mph  (q  =  60  psf)  can 
be  obtained . 1 9 

The  bodies  were  supported  by  a  sting-wire  system  shown  in 
Figure  3.  This  unique  type  of  model-support  system  was  used  to 
avoid  the  adverse  interference  effects  associated  with  typical 
support  strut  systems . 4 ’ 1 4  At  the  model,  the  tubular  sting  was 
attached  to  an  internal-three-component  strain-gage  balance. 

The  load  characteristics  for  this  balance  are  presented  in  Fig¬ 
ure  3.  The  sting-balance  system  was  supported  in  the  vertical 
and  horizontal  planes  by  three-piano-wire  members  which  were 
located  at  the  center  of  buoyancy  of  the  model.  The  downstream 
end  of  the  sting  was  supported  by  a  strut  located  about  two  feet 
aft  of  the  body.  The  strut  base  was  attached  to  a  circular 
slide  assembly  mounted  on  the  tunnel  floor.  The  body  sideslip 
angle  could  be  varied  remotely  by  positioning  the  circular 
slide  using  a  motor  driven  linear  actuator.  The  circular  slide 
assembly  was  located  relative  to  the  body  so  that  the  body  ro¬ 
tation  took  place  about  the  CB.  Sideslip  angles  of  +10  degrees 
could  be  obtained  with  this  system.  A  digital  readout  was  used 
to  record  the  angles.  A  typical  model  installation  showing  the 
sting  and  piano-wire-support  system  is  presented  in  Figure  4. 
Also,  the  linear  actuator  motor  drive  system  is  shown  in  Fig¬ 
ure  4. 

The  fins  were  attached  to  the  bodies  by  means  of  strain- 
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gage  balances  which  could  be  located  at  longitudinal  positions 
A  or  B  as  shown  in  Figures  1  and  3.  The  fins  and  strain-gage 
balance  were  designed  to  permit  quick  and  easy  interchange  of 
the  fins.  The  fin  balances  were  also  designed  to  rotate  about 
the  fin  quarter  chord-line  to  provide  fin  deflection  angles  of 
+10  degrees  in  two  degree  increments.  The  design  load  charac¬ 
teristics  of  the  fin  balances  are  presented  in  Figure  3. 

A  null-balance-servo  system  was  used  to  provide  a  digital 
readout  of  the  forces  and  moments  sensed  by  the  body  and  fin 
balances  for  any  given  test  condition.  Briefly,  a  force  ap¬ 
plied  to  the  strain-gage  balance  unbalanced  the  gage-bridge 
circuitry.  The  resulting  error  signal  is  amplified  and  is  used 
to  drive  a  servo  motor  which  positions  a  potentiometer  to  re¬ 
store  electrical  balance,  or  null,  to  the  system.  The  amount 
that  the  potentiometer  is  moved  is  directly  proportional  to  the 
forces  or  moments  applied  to  the  balance.  The  servo  motor  also 
drives  a  decade  counter  which  provides  a  digital  readout  pro¬ 
portional  to  the  forces  or  moments.  The  system  also  provides  a 
means  to  initially  balance  or  zero  the  gages  under  no-load  con¬ 
ditions  and  to  set  the  sensitivity  of  each  strain-gage  bridge 
based  on  deadweight  calibrations.  A  typical  servo-balance  unit 
is  shown  in  DTMB  Drawing  P019006. 

Velocity  and  flow-angularity  measurements  were  made  through 
a  range  of  sideslip  angles  in  a  region  around  each  body  where 
the  fins  would  be  located.  The  surveys  were  made  using  a  spe¬ 
cially  designed  pitot-static-yawhead  rake  and  several  small 
total-head  rakes  or  boundary-layer  mice,  A  detailed  descrip¬ 
tion  of  the  pitot-static-yawhead  rake  design,  calibration,  and 
application  is  presented  in  Appendix  C.  A  description  of  the 
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boundary- layer  mouse  is  presented  in  Reference  21.  A  typical 
arrangement  for  a  flow-survey  test  using  the  pitot-static  yaw- 
head  rake  is  shown  in  Figure  5. 

A  back-lighted,  multitube  (48),  glass -manometer  board  was 
used  in  conjunction  with  the  yawhead  rake  and  mice  for  this  in¬ 
vestigation.  Photographs  of  the  manometer  board  were  made  for 
e.  h  test  condition.  The  camera  used  for  this  purpose  was  cal¬ 
ibrated  to  account  for  the  errors  introduced  by  parallax. 

Velocity  and  angularity  surveys  were  performed  in  both  the 
vertical  and  horizontal  planes  of  bodies  B1  and  B3  at  several 
longitudinal  locations  defined  in  Figure  6. 

Qualitative  measurements  of  the  flow  angularity  as  affected 
by  variation  in  the  body  configuration  and  sideslip  angle  were 
made  using  the  tuft-grid  technique  described  in  Reference  22. 

The  general  arrangement  for  flow  visualization  tests  using  a 
tuft  grid  is  shown  in  Figure  7.  The  tuft  grid  employed  in  this 
investigation  consisted  essentially  of  a  rectangular  grid  of 
fine  piano  wire  (0.012-inch  diameter)  having  a  2-inch  mesh. 

The  grid  was  supported  at  the  periphery  by  a  rectangular  frame 
and  truss-like  structure  fabricated  using  thin-wall  streamline 
tubing  having  a  0.75 -inch  chord.  A  preloading  system  consisting 
of  a  spring  mounted  between  one  end  of  each  wire  and  the  frame 
was  used  to  maintain  about  a  1.5-pound  tension  in  each  wire. 

Also  each  intersection  of  a  vertical  and  horizontal  wire  was 
soft-soldered  to  eliminate  relative  movement  between  wires. 

The  tufts  were  2-inches  long  and  consisted  of  4-ply-wool  baby 
yarn.  Each  tuft  was  attached  to  the  grid  with  strong  thread. 

A  small  loop  of  thread  was  provided  at  the  attaching  point  to 
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permit  the  tuft  freedom  in  all  directions.  The  downstream  ends 
of  the  tufts  were  singed  to  prevent  fraying.  The  tufted  area 
of  the  grid  was  104-inches  wide  and  72-inches  high. 

The  tuft  grid  was  wire-supported  to  the  tunnel  walls  and 
located  at  the  stern  of  the  model.  The  grid  was  mounted  in  the 
tunnel  normal  to  the  direction  of  flow.  The  still  camera  used 
for  these  tests  was  a  remotely-controlled  aerial  type  camera 
with  a  20-inch-focal-length  lens.  The  camera  was  placed  about 
50  feet  downstream  of  the  tuft  grid  for  all  tests  to  minimize 
parallax.  Thus,  the  camera  can  only  record  the  projections  of 
the  tufts  and  model  in  a  vertical  plane.  An  illustrative  ex¬ 
ample  of  the  type  of  picture  obtained  by  the  still  camera  is 
shown  in  Figure  7(b). 


r 
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TEST  PROGRAM  AND  PROCEDURES 

The  test  program  for  the  subject  investigation  is  sum¬ 
marized  in  Table  3.  As  shown  in  Table  3,  the  test  program 
consisted  of  three  phases;  namely,  force  and  moment  tests; 
velocity  and  flow  angularity  tests;  and  flow  visualization 
tests.  All  tests  were  conducted  at  a  dynamic  pressure  of  50 
pounds  per  square  foot  which  corresponds  to  a  Mach  number  of 
about  0.17  and  a  Reynolds  number  of  1.1  x  10^  based  on  the 
overall  body  length  of  7.60  feet.  A  sandstrip  was  installed 
on  the  bodies  at  4.56-inches  aft  of  the  nose  (5  percent  of 
length)  to  fix  transition  and  insure  a  turbulent  boundary 
layer  over  the  bodies. 

For  the  present  investigation  the  fins  were  maintained  at 
zero  fin  deflection  with  respect  to  the  body  axis.  For  all 
tests,  except  as  noted,  the  gap  between  the  fins  and  body  was 
maintained  at  a  constant  1/ 32-inch  (Gap  ratio  of  0.007), 

Prior  to  the  formal  tests,  the  three-component  body  bal¬ 
ance  and  the  upper  and  lower  fin  balances  were  calibrated  using 
standard  weights.  A  matrix  calibration  was  performed  for  each 
balance  to  account  for  interactions.  After  the  balances  and 
models  were  installed  in  the  tunnel,  as  shown  in  Figure  4,  lat¬ 
eral  forces,  yawing  and  rolling  moments  were  applied  to  estab¬ 
lish  the  sign  conventions  shown  in  the  NOTATION. 

The  yawhead  rake  was  completely  calibrated  in  the  TMB  Low 
Turbulence  Wind  Tunnel  as  described  in  Appendix  C.  Tygon  tub¬ 
ing  was  used  to  connect  the  rake  and  mice  to  the  manometer 
board.  The  entire  system  was  checked  for  air  leaks  prior  to 
each  complete  survey.  The  vertical  location  of  the  rake  and 
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TABLE  3 

OUTLINE  OF  TEST  PROGRAM 
A.  FORCE  AND  MOMENT  TESTS 


Configuration 

BSaoBB 

Sideslip 

Angle 

Measurement 

Bl 

- 

Range 

Lateral  Force,  Yawing 

B3 

- 

Range 

and  Rolling  Moments 

B1+F1F1 

A  and 

B 

Range 

Lateral  Force,  Yawing 

B1+F2F2 

I 

and  Rolling  Moment  of 

B1+F3F3 

Body-Fin  Combination. 

B1+F4F4 

Lateral  Forces  and 

B1+F5F5 

Root  Bending  Moments  of 

BI+F6F6 

Upper  and 

Lower  Fins 

B1+F7F7 

B1+F8F8 

A 

Range 

B3+F1F1 

A 

Range 

B3+F2F2 

B3+F3F3 

B3+F4F4 

B3+F5F5 

B3+F6F6 

B3+F7F7 

A 

Range 

*B1+F4F4 

A 

Range 

B1+F5F5 

A 

Range 

B1+F6F6 

A 

Range 

Bl+CT 

- 

Range 

B1+CT+F4F4 

A  and 

B 

B1+H4H4 

A 

B1+CT+H4H4 

A 

B1+F4 

A*  and 

B 

B1+F6 

A 

f 

B3+F4 

A 

Range 

*Gap  Ratio  Changed 

from  ( 

) . 007  to  0.042 

Sideslip  Angle  Range  is 

0,  +1, 

+2. 

+3 ,  +4 ,  +6 , 

+8  and  +10 

Degrees 
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TABLE  3 

OUTLINE  OF  TEST  PROGRAM 
(concluded) 

B.  TLOCITY  AND  ANGULARITY  SURVEY  TESTS 


Survey 

Rake  &  Mouse 

Sideslip 

Configuration 

Station 

Location 

Angle 

Measurement 

B1 

A,  B  and  C 

Upper,  Lower 

Range 

Velocity  ra- 

and  Starboard 

tios,  and 

Bl+CT 

A,  B  and  C 

Positions 

| 

flow  angular¬ 
ity  in  verti- 

B3 

B  and  C 

1 

cal  and  hori¬ 
zontal  planes 

Sideslip  Angle  Range  is 

0 ,  +1 ,  +2 ,  +3 ,  +4 

and  +6  Degrees 

C.  FLOW  VISUALIZATION  TESTS 


Configuration 

Sideslip  Angle 
Degrees 

Measurements 

B1 

Bl+CT 

6 

6 

Still  Photographs 
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mice  tubes  with  respect  to  the  body  was  measured  and  recorded 
for  each  test.  Test  photographs  were  made  of  the  manometer 
board  to  check  camera  focus  and  parallax. 

Prior  to  the  conduct  of  the  formal  flow  visualization 
tests,  the  aerial  camera  was  installed  and  checked  for  focus, 
parallax  and  remote  operation.  An  illustrative  example  of  the 
type  of  picture  obtained  by  the  still  camera  is  shown  in  Fig¬ 
ure  7(b).  As  shown  in  Figure  7(b),  the  vertical  projection  of 
the  Bl+CT  configuration  at  an  angle  of  sideslip  is  shown  for¬ 
ward  of  the  grid.  The  short  dark  lines  (white  on  photographs) 
represent  the  tufts.  In  the  relatively  undisturbed  region  of 
flow,  the  tufts  appear  as  short  dark  lines  or  dots  and  in  dis¬ 
turbed  regions  as  longer  lines.  One  of  the  tufts  in  the  sketch 
has  been  magnified  for  purpose  of  illustration.  The  vertical 
and  horizontal  projections  of  each  tuft  together  with  the  tuft 
length  can  be  used  to  indicate  the  magnitude  of  the  downwash 
and  sidewash  angles  of  the  flow  at  a  given  location. 
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REDUCTION  AND  PRESENTATION  OF  DATA 

The  force  and  moment  data  obtained  from  the  captive -model 
tests  are  presented  in  nondimensional  form  in  Appendix  A.  These 
data  have  been  corrected  for  the  effects  of  blockage  and  jet 
boundaries.23  Corrections  for  the  interference  effects  of  the 
model-support  system  were  believed  to  be  insignificant.  The 
results  of  the  velocity  and  flow-angularity  survey  tests  are 
presented  in  Appendix  B.  The  test  results  presented  in  Ap¬ 
pendices  A  and  B  have  been  reduced  to  coefficient  form  in  ac¬ 
cordance  with  the  definitions  presented  in  the  NOTATION. 

Details  of  the  pitot-static-yawhead  rake  design,  calibra¬ 
tion  and  application  are  discussed  in  Appendix  C.  Appendix  D 
contains  a  description  of  the  Modified-Lif ting-Surface  Method 
used  for  the  theoretical  calculations .  Notation  and  references 
applicable  specifically  to  Appendices  C  and  D  are  presented  in 
the  respective  appendices. 

The  effects  of  the  various  geometric  parameters  investi¬ 
gated  and  correlation  of  results  with  theory  are  summarized  in 
the  body  of  the  report.  Also,  the  results  of  the  flow  visuali¬ 
zation  tests  are  presented  and  correlated  with  the  flow  angu¬ 
larity  measurements.  Application  of  the  Modified-Lif ting  Sur¬ 
face  Method  to  the  prediction  of  roll  dependent  coefficients 
is  also  presented  and  discussed. 
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EFFECTS  OF  GEOMETRIC  PARAMETERS 

A  method  used  to  evaluate  the  effects  of  the  various  geo¬ 
metric  parameters  on  the  fin-body  interference  characteristics 
is  based  on  a  comparison  of  the  static-lateral  stability  deriv¬ 
atives  and  the  corresponding  interference  factors.8’12  The  de¬ 
rivatives  Y  N  K  and  (Y  are  determined  for  all 

V  V  V  V  r  r  D 

the  configurations  by  taking  the  slopes,  at  3  equal  to  zero 
degrees,  of  the  Y' ,  N',  and  K'  curves  versus  8  curves  shown  in 
Appendix  A  and  converting  these  values  to  a  "per  radian"  base. 
The  values  of  the  lateral-stability  derivatives  and  the  cor¬ 
responding  interference  factors  for  all  the  configurations  as¬ 
sociated  with  bodies  B1  and  B3  are  presented  in  Table  4.  Values 
associated  with  the  Bl+CT  configurations  are  summarized  in 
Tables  5  and  6. 

The  lateral  force  and  root-bending-moment  derivatives  de¬ 
termined  for  the  upper  and  lower  fins  in  the  presence  of  the 
bodies  were  also  converted  to  lift-curve  slope  and  average  span- 
wise  center  of  pressure  coefficients  for  direct  comparison  with 
aerodynamic  data  and  theories.  The  lift-curve  slope  for  the 
fins  can  be  expressed  as, 

(Clcff)b  ■  -57-3  h;  [(Vuf>b  +  (Vlf>b] 


Cl] 


(2)  Estimate  Based  on  Modified  Lifting  Surface  Theory  Presented  in  Appendix 
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The  average  spanwise  center  of  pressure  of  the  fin  was  de¬ 
termined  as  follows, 


^Yv '  FUF 


^v'FR^LF  1.25 
rv-T^LF-  -  bF 


121 


The  factor  1.25/bp  transfers  the  root  bending  moment  read¬ 
ings  ,  which  were  measured  with  respect  to  the  base  of  the 
strain-gage  balance,  to  the  fin  root.  See  Figure  3.  Values  of 
bp  are  presented  in  Table  2. 

FIN -ASPECT  RATIO  AND  DIAMETER- SPAN  RATIO 

The  values  of  the  lateral-force  coefficient  associated  with 

the  forces  on  the  fins  in  the  presence  of  the  body,  (Yv’pp)g, 

are  tabulated  in  Table  4  for  each  fin  configuration  associated 

with  bodies  B1  and  B3.  These  values  have  been  converted  to 

(CT  j  using  Equation  Ill  and  are  plotted  against  fin-aspect 

,  aFF/B 

ratio  for  various  diameter-span  ratios  in  Figure  8.  Theoretical 

values  of  for  the  fins  alone  case  (dp/2bp  =  0) ,  obtained 
a 

from  Figure  D1 ,  are  presented  in  Figure  8  for  comparison. 

The  results  presented  in  Figure  8,  for  the  various  values 

of  dp/ 2b,,,  show  the  same  typical  increase  in  [CT  )  with 
*  V  aFF/B 
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aspect  ratio  as  for  the  fins  alone  case  (dp/2bp  =  0) .  How¬ 
ever,  for  the  fins  that  are  completely  submerged  in  the  body¬ 
boundary  layer,  (dp/2bp  =  0.52),  the  values  of  j  are 

about  30  to  40  percent  lower  than  the  case  for  the  fins  alone. 

Such  a  decrease  in  is  primarily  due  to  the  thick-body 

a 

boundary  in  which  the  fins  are  completely  immersed.  See  Fig¬ 
ure  Bl .  Also,  the  characteristics  of  the  body  sidewash  veloc¬ 
ity  distribution,  due  to  the  vortices  shed  by  the  body,  affects 
the  lift  contributed  by  the  fins.  The  characteristics  of  the 
body  sidewash  velocity  distribution  will  be  discussed  in  a 
later  section.  For  the  fin  configurations  operating  in  a  flow 
field  which  has  a  minimum  body-boundary  layer  (see  Figure  B7) 
and  a  favorable  sidewash  due  to  the  body  cross-flow  velocity, 

(d„/2bir  =  1.43),  the  values  of  [CT  )  are  about  30  to  40  per- 
*  \  aFF/B 

cent  higher  than  the  case  for  the  fins  alone.  The  increase  in 

the  effective  aspect  ratio  of  the  fins  due  to  the  reflection  of 

the  body  is  also  evident  in  this  case.  The  values  of  (CT  ) 

\  aFF/B 

for  the  fins  that  are  partially  immersed  in  the  body-boundary 
layer,  (dp/2bp  =  0.72),  are  in  good  agreement  with  the  values 
for  the  fins  alone.  The  agreement  in  these  cases  would  imply 
that  the  negative  effects  of  the  body-boundary  layer  are  just 
cancelled  by  the  positive  effects  of  the  body  reflection. 

The  aforementioned  trends  are  further  illustrated  by  the 
variation  of  the  average-spanwise  center  of  pressure  with  as¬ 
pect  ratio  and  diameter-span  ratio  presented  in  Figures  9  and  10, 
respectively.  As  shown  by  Figures  9  and  10,  the  spanwise  center 
of  pressure  moves  outboard  on  the  fins  as  the  aspect  ratio  and 
diameter-span  ratio  are  decreased.  This  outboard  movement  im- 
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plies  a  change  in  the  spanwise  loading  on  the  fins  from  approxi¬ 
mately  elliptical  to  approximately  trapazoidal  (see  Figure  D8) . 

The  variations  of  (cT  \  and  the  body- induced  lift 

'  ctFF/B 

parameter  with  diameter-span  ratio  are  presented  in  Figures  11 
and  12,  respectively,  for  the  fin  configurations  operating  in  a 
flow  field  having  a  minimum  body-boundary  layer  (Body  B3) . 

Also,  the  theoretical  curves  presented  in  Figures  D7  and  D8  are 
reproduced  in  Figures  11  and  12  for  comparison  purposes  and  will 
be  discussed  in  a  later  section.  The  body-induced  lift  parameter 
presented  in  Figure  12  is  a  direct  measure  of  the  induced  lift 
on  the  body  due  to  the  presence  of  the  fins.  As  shown  in  Fig¬ 
ure  12,  the  lift  induced  on  the  body  by  the  fins  increases  with 
an  increase  in  the  diameter -span  ratio. 

FIN-TAPER  RATIO 

The  effects  of  fin-taper  ratio  on  the  fin  lift  and  span- 
wise  center  of  pressure  were  investigated  for  fins  having  a  con¬ 
stant  aspect  ratio  of  2.0  and  taper  ratios  of  0.45,  1.0  and  1.5. 

The  variations  of  (CT  )  and  the  average  spanwise  center  of 

V  aFF/  B 

pressure  with  fin-taper  ratio,  resulting  from  this  phase  of  the 
study,  are  presented  in  Figure  13  for  several  diameter-span 
ratios.  The  spanwise  center  of  pressure  results  are  also  pre¬ 
sented  in  Figure  10  as  a  function  of  diameter- span  ratio.  As 
expected,  the  trends  presented  in  Figures  8  and  13  show  an  in¬ 
crease  in  (CT  ]  with  an  increase  in  taper  ratio  for  all 
V  aFF/  B 

diameter-span  ratios,  and  an  outboard  movement  of  the  center  of 
pressure  with  an  increase  in  fin  taper  ratio  and  a  decrease  in 
diameter-span  ratio.  Both  of  these  trends  are  probably  due  to 
the  fact  that  the  fin  areas  located  in  a  higher  velocity  region 
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outside  the  body  boundary  layer  are  increased  with  the  increase 
in  taper  ratio.  The  effect  on  fin-lift  caused  by  an  increase 
in  fin-taper  ratio  is  interesting.  However,  the  use  of  fin- 
taper  ratios  greater  than  1.0  are  not  practical,  due  generally 
to  both  structural  and  operational  problems  that  might  be  en¬ 
countered  in  a  given  submerged  body  design. 

LONGITUDINAL  POSITION  OF  FINS 

The  static  lateral  stability  characteristics  of  the  fin- 
bodv  combinations  were  determined  for  two  longitudinal  positions 
of  the  fins  on  body  Bl  and  one  longitudinal  position  of  the  fins 
on  body  B3 .  An  interesting  result  is  obtained  by  plotting  the 
values  of  N^'  versus  the  values  of  Y^'  for  each  configuration  as 
shown  in  Figure  14.  The  coefficients  for  Series  58  bodies,  ob¬ 
tained  from  Reference  15,  are  also  presented  in  Figures  14(a) 
and  14(b).  In  addition,  values  of  (Nv')j  (Ideal  or  Munk  moment) 
for  several  fineness  ratios  and  prismatic  coefficients  cor¬ 
responding  to  the  Series  58  bodies  are  presented  in  Figure  14(a). 
As  shown  in  Figure  14(a) ,  the  results  for  all  the  fins  located 
at  (x'p)^/4  ~  "0.45  on  body  Bl  collapse  on  a  straight  line  which 
passes  through  the  bare  body  values  and  approximately  through 
the  value  of  (Nv')j  (corresponding  to  an  £/d  =  7.33)  and  has  a 
slope  of  0.44.  Similarly,  in  Figure  14(b),  the  data  for  all  the 
fins  located  at  (x'p)^/4  =  “O-^O  on  body  Bl  collapse  on  a  straight 
line  which  passes  through  the  bare  body  values  and  has  a  slope  of 
0.37.  Straight  lines  have  been  drawn  through  the  Series  58  data 
points,  presented  in  Figures  14(a)  and  14(b),  which  have  the  same 
slope  as  the  data  curves.  It  is  conjectured  that  if  the  present 
fin  series  is  used  in  combination  with  other  Series  58  bodies, 
at  the  same  longitudinal  locations,  the  resulting  measurements 
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would  collapse  on  the  lines  shown  in  Figures  14(a)  and  14(b), 
respectively.  The  results  for  body  B3  are  presented  in  Fig¬ 
ure  14(c).  The  magnitudes  of  the  slopes  presented  in  Figure  14 
are  related  to  the  effective  longitudinal  position  of  the  cen¬ 
ter  of  pressure  of  the  forces  due  to  the  fins  with  respect  to 
the  body  center  of  buoyancy  (reference  point) .  However,  a 
more  direct  measure  of  the  effective  longitudinal  center  of 
pressure  of  ^he  forces  due  to  the  fins  can  be  obtained  by  ana¬ 
lyzing  the  mutual  interference  factors,  A3Yv'  and  A3Nv' ,  pre¬ 
sented  in  Table  4.  The  interference  factors  used  in  the  pres¬ 
ent  study  can  be  defined  in  a  manner  similar  to  that  presented 
in  References  8  and  24.  The  total  force  on  the  fin-body  due 
to  sideslip  can  be  expressed  as, 


^v^B+FF  Yv '  B  +  ^v'FF^B  +  (YvVfF 


=  Y  '  +  A3Y  ' 

v  B  v 

and  the  mutual  interference  increment  can  be  expressed  as. 


'  -  [<v> 


B+FF  v 


The  mutual  interference  increments  of  the  fin-body 

combination,  that  is  A3Y  ' ,  A3N  and  A3K  '  are  made  up  of 
7  v  V  V  r 

two  separate  interference  increments.  For  example,  the  increment 
A3Yv'  consists  ,  f  the  interference  of  the  fins  on  the  body, 
which  can  be  expressed  as, 


A4Y  ' 
v 


5Yv'^B+FF  ~  Yv'bJ  "  *Yv'fF*B 
(Yv  VfF 


161 


and  the  interference  of  the  body  on  the  fins, 


I 
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A5Y  ’ 
v 


<Yv ' FF 


R  ~  Y 


V 


FF 


C  7 1 


1 


where 

Y  '^r.  is  the  lateral-force  coefficient  for  the  fins  alone. 

V  l'r 


Values  of  Y^'pp  were  not  experimentally  determined  during 

the  present  study  and  therefore  the  interference  increments 

A5Y  A5N  and  A5K  '  were  not  evaluated.  Values  for  the 
v  v  v 

fins  alone  presented  in  Figure  D1  or  in  Reference  13  may  be 
used  to  evaluate  these  increments. 


Equation  151  can  be  also  expressed  as, 

A3V  =  <Vff>b  +  (Vb>ff 


183 


^Yv ' FF^  B 


1  + 


(YvV_FF 

^v'fF^B 


193 


Substituting  AAY^'  from  Equation  163  for  (Yv'g)pp  in  Equa¬ 
tion  193  we  have 


A3Yv' 


^v’FF^B 


1  4- 


AAYV’ 
^v  F?B 


1103 


Values  of  the  increment  A4Y  '  are  presented  in  Table  4. 

v  r 

The  body  induced  lift  parameter. 


1  + 


^vFF^B 


1113 


is  also  tabulated  in  Table  4  and  is  plotted  versus  diameter- 
span  ratio  for  all  tlie  fins  in  Figure  12. 
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The  effective  longitudinal  center  of  pressure  of  the  forces 
acting  on  the  fins  and  induced  on  the  body  can  be  evaluated 
using  the  ratio  of  the  increments 


A3N  ' 


The  average  value  of  Xp'  for  all  the  fins  can  be  ob¬ 
tained  by  plotting  the  increments  A3N  '  versus  A3Y  '  as  shewn 
in  Figure  15.  It  should  be  noted  that  the  effective  values  of 
Xp'  determined  in  this  manner  agree  quite  well  with  the  magni¬ 
tude  of  the  slopes  evaluated  in  Figure  14.  Also,  the  effective 
values  of  Xp 1  are  in  reasonably  good  agreement  with  the  values 
of  (xp')£/4  *-or  t^ie  fins  appended  to  body  B1 .  The  disagreement 
between  the  effective  value  of  Xp'  and  (Xp')-^  for  body  B3 
might  be  due  to  the  manner  in  which  the  load  induced  on  the 
body  by  the  fins  is  distributed  longitudinally  on  body  B3 . 

FAIRWATER-BODY  INTERFERENCE 

The  interference  effects  of  a  fairwater  (CT) ,  appended  to 
body  B1 ,  on  the  contribution  of  vertical  and  horizontal  fins 
having  an  aspect  ratio  of  2.0  were  evaluated.  The  static  sta¬ 
bility  derivatives  and  interference  factors  for  the  vertical 
and  horizontal  fins  are  summarized  in  Tables  5  and  6,  re¬ 
spectively. 

As  shown  in  Table  5  and  Figure  A23,  for  both  longitudinal 
positions  of  the  fins,  the  lift  on  the  upper  fin  is  about  an 
order  of  magnitude  less  than  the  lift  on  the  lower  fins.  The 
total  lift  contributed  by  the  fins  is  about  30  to  40  percent 
less  than  the  case  without  fairwater  interference.  (See 
Table  4.)  The  mutual  interference  increments  A3Yv’  also  re- 
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fleet  the  same  degradation  in  the  fin-body  contribution.  The 
effects  on  the  upper  fin  are  due  to  the  adverse  sidewash  cre¬ 
ated  by  the  trailing  vortices  generated  by  the  lift  of  the 
body- fairwater  combination.  Also,  the  trailing  vortex  system 
and  the  images  in  the  body  tend  to  provide  a  favorable  side- 
wash  in  the  plane  of  the  lower  fins,  thus  enhancing  the  lift 
contribution  of  these  fins. 

The  effects  of  the  trailing  vortex  system  due  to  the  lift 
of  the  body-fairwater  combination  also  impose  an  asymmetrical 
loading  on  the  horizontal  fins  as  shown  in  Table  6  and  Fig¬ 
ure  A25. 

The  trends  presented  in  Tables  5  and  6  as  well  as  Figures 
A23  and  A25  can  best  be  explained  by  analyzing  the  results  of 
the  flow  survey  and  flow  visualization  tests  discussed  in  the 
next  section. 
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FLOW  CHARACTERISTICS 

Velocity  and  flow  angularity  measurements  were  made  in 
both  the  vertical  and  horizontal  planes  of  the  after  sections 
of  bodies  Bl,  Bl+CT,  and  B3  corresponding  to  the  region  where 
the  fins  are  located.  These  measurements  were  made  over  a 
range  of  sideslip  angles  and  for  various  distances  from  the 
surface  of  the  bodies.  The  results  of  these  surveys  are  pre¬ 
sented  in  Appendix  B. 

Qualitative  measurements  of  the  flow  angularity  at  the 
stern  of  bodies  Bl  and  Bl+CT  were  made  using  the  tuft-grid 
technique.  The  results  obtained  from  the  flow  visualization 
tests  compliment  the  flow  survey  measurements  and  provide  an 
overall  picture  of  the  flow  angularity  induced  at  the  fin  lo¬ 
cations  due  to  the  vortices  shed  by  the  body  and  body-fairwater 
combinations . 

FLOW  SURVEY  AND  VISUALIZATION  RESULTS 

An  overall  picture  of  the  variation  in  the  spanwise  dis¬ 
tribution  of  the  local  sideslip  angles,  3^,  to  which  the  fins 
are  subjected  can  be  obtained  for  bodies  Bl ,  Bl+CT,  and  B3  from 
the  slopes  of  the  curves  (taken  at  3  =  0)  presented  in  Fig¬ 
ures  BIO,  Bll,  and  B16,  respectively.  Values  of  the  lateral- 
flow  angle  parameter  3B^/33,  which  are  proportional  to  the  fin 
angle  of  attack,  are  plotted  versus  a  nondimens ional  vertical 
distance  parameter,  Z/Rmax,  in  Figures  16  and  17  for  bodies  Bl 
and  B3 ,  respectively.  The  measured  spanwise  distribution  of 
3Bl  for  body  Bl  is  compared  with  the  potential  flow  distribu- 
3B~ 

tion  associated  with  the  cross-flow  velocity  around  a  cylinder 
(see  Reference  D6)  in  Figure  16.  As  shown  in  Figure  16,  the 
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measured  values  of  DB^/^B  exceed  the  potential  flow  values  over 
a  good  part  of  the  fin  span.  However,  in  a  vicinity  near  the 
fin  root,  the  measured  distribution  of  33^/33  i-s  markedly 
smaller  than  the  potential  flow  distribution.  The  character 
of  the  3Bt /9B  distribution  can  be  deduced  from  the  tuft-grid 
picture  presented  in  Figure  18(a)  for  body  B1 .  The  pair  of 
vortices  shed  by  the  lifting  body  produces  positive  and  nega¬ 
tive  sidewash  velocities;  that  is,  positive  velocities  above 
the  vortex  centers  and  negative  velocities  below  the  vortex 
centers  as  illustrated  in  Figure  18(c).  As  shown  in  Figure  17, 
the  33^/33  distribution  for  body  B3  is  in  very  good  agreement 
with  the  potential  flow  distribution  associated  with  the  cross- 
flow  velocity  around  a  cylinder.  A  more  extensive  discussion 
of  the  effects  of  viscosity  on  the  vortex  characteristics  asso¬ 
ciated  with  bodies  of  revolution  are  presented  in  References  25 
and  26. 

The  interference  effects  of  the  body-fairwater  combination 
on  the  lift  of  the  vertical  and  horizontal  fins  are  illustrated 
by  the  3B^/3B  distribution  presented  in  Figure  16,  the  dis¬ 
tribution  presented  in  Figure  B12 ,  and  the  tuft-grid  picture 
presented  in  Figure  18(b).  The  strong  tip  vortex  from  the 
fairwater  shown  in  Figure  18(b),  in  combination  with  its  image 
in  the  body,  produces  a  negative  sidewash  distribution  in  the 
plane  of  the  upper  vertical  fin  resulting  in  the  33^/33  dis¬ 
tribution  presented  in  Figure  16.  In  addition,  the  body  image 
of  the  fairwater-tip  vortex  enhances  the  strength  of  the  body 
lower  vortex  which  provides  a  favorable  sidewash  distribution 
in  the  plane  of  the  lower  fin  as  shown  in  Figure  16.  The  en¬ 
hanced  lower  body  vortex  also  induces  an  asymmetrical  angle  of 
attack  distribution  on  the  horizontal  fins  as  shown  in  Fig¬ 
ure  B12.  An  illustration  of  the  overall  induced  effects  caused 
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by  the  body-fairwater  interference  is  presented  in  Figure  18(d). 
The  fin  force  and  moment  data  discussed  in  Tables  5  and  6  can 
be  better  understood  after  studying  the  aforementioned  results. 
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CORRELATION  WITH  THEORY 

The  results  of  the  Modified  Lifting  Surface  Method  (MLSM) 
presented  in  Figures  D6 ,  D7,  and  D8  of  Appendix  D  are  used  to 
calculate  theoretical  values  of  (A3Y  ')r  for  comparison  with 

V  L# 

the  measured  values  of  (A3Yv')^.  The  measured  values  of 
(A3Yv')^  are  defined  by  Equations  153  and  183.  The  MLSM  ex¬ 
pression  for  (A3Y  ' )p  can  be  written  as, 


<A3V>c 


-57.3 


B 


JaB  F 


1133 


=  -57.3 


JaF  B 


1  + 


LaB  F 
LaF  B  . 


1143 


It  should  be  noted  that  Equation  114]  has  the  same  form  as 
Equation  193. 

The  comparisons  between  measured  and  theoretical  values 
of  A3Yv'  for  the  configurations  associated  with  bodies  Bl  and 
B3  are  presented  in  Figure  19.  For  the  case  of  the  fins  lo¬ 
cated  at  (xp  ’>£/*  "  -°  .45  on  body  Bl ,  presented  in  Figure  19(a), 
the  measured  values  of.(A3Y  '  )^  are  compared  with  several  re¬ 
sults  obtained  with  the  MLSM  by  varying  the  boundary  condi¬ 
tions.  See  Appendix  D.  The  calculations  were  made  for  the 
following  boundary  conditions: 
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MLSM-1.  Uniform  axial  velocity  (no  boundary  layer)  and 
potential  cross-flow  velocity  distribution 
(results  presented  in  Figures  D6 ,  D7 ,  and  D8) , 


MLSM-2. 


MLSM-3 , 


Measured  values  of  axial  velocity  and  cross- 
flow  velocity  from  Figures  16  and  Bl 


*n\  9(3L  ' 
J  /  98 


Measured  values  of  axial  velocity  and  cross- 
flow  velocity  but  neglecting  load  induced  on 
body  by  fins. 


In  addition,  the  measured  values  of  (A3Yv’)M  are  com¬ 
pared  with  the  values  based  on  the  lift-curve  slope  of  the 
fins  alone  presented  in  Figure  D1 .  For  this  case,  the  fin 
aspect  ratio  is  defined  as  2bpZ/Ap  and 


(A3Yv’)c  =  -57.3  pi  aFF 

As  shown  in  Figure  19(a),  the  values  of  (A3Yv')c  obtained 
using  MLSM-1  are  about  70  percent  larger  than  the  measured 
values.  Including  the  effects  of  boundary  layer  and  cross-flow 
velocity,  MLSM-2  produces  values  of  (A3Yv')q  which  are  about 
50  percent  larger  than  the  measured  values.  The  calculated 
results  obtained  with  MLSM-3  are  only  about  10  percent  larger 
than  the  measured  values.  Excellent  correlation  is  obtained 
using  the  values  calculated  by  Equation  C 1 5 1 .  It  would  ap¬ 
pear  that  the  MLSM  overestimates  the  loading  induced  on  the 
body  by  the  fins. 
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For  the  case  of  the  fins  located  at  =  -0.40  on 

F  'c/4 

body  B1  presented  in  Figure  19(b),  the  values  of  (A3Y  ')„ 
calculated  using  the  MLSM-1  are  about  30  percent  larger  than 
the  measured  values.  Values  calculated  using  Equation  C153 
are  about  30  percent  lower  than  the  measured  values.  However, 
the  calculated  results  obtained  with  MLSM-3  are  only  about 
10  percent  lower  than  the  measured  values.  This  comparison 
also  indicates  that  the  MLSM  overestimates  the  loading  induced 
on  the  body  by  the  fins. 


For  the  case  of  the  fins  located  at  (xt,')-.,  =  -0.45  on 

v  F  'c/4 

body  B3  presented  in  Figure  19(c),  the  values  of  (A3Y  ')„  cal- 

V  u 

culated  using  the  MLSM-1  are  in  very  good  agreement  with  the 
measured  values  (about  6  percent  higher).  However,  values 
calculated  using  Equation  C 15 1  are  about  200  percent  lower 
than  the  measured  values.  The  excellent  agreement  obtained 
using  MLSM-1  is  probably  due  to  the  fact  that  the  axial 
boundary  layer  for  B3  is  small  and  the  cross-flow  velocity 
distribution  shown  in  Figure  17  is  in  good  agreement  with  the 
potential-flow  values.  It  is  expected,  therefore,  that  MLSM-1 
can  be  used  successfully  in  the  calculation  of  the  fairwater 
contribution  to  the  static-lateral  stability  derivatives  be¬ 
cause  the  fairwater  is  generally  located  in  a  thin-boundary- 
layer  regime  on  the  body.  Also,  as  shown  in  Appendix  D, 

MLSM-1  can  be  used  to  calculate  the  rolling-stability  deriva¬ 


tives  Y  '  and  Kp'  which  are  primarily  contributed  to  by  the 
body- fairwater .  The  value  of  N  '  can  also  be  calculated  using 
Y  '  and  the  appropriate  moment  arm. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

Based  on  the  results  of  a  comprehensive  series  of  wind- 
tunnel  experiments  conducted  to  determine  the  effects  of  body¬ 
boundary  layer  and  sidewash,  fin-aspect  ratio,  fin-taper  ratio, 
and  diameter-span  ratio  on  the  static-lateral  forces  and  mo¬ 
ments  of  a  systematic  series  of  submarine -type  fin-body  combi¬ 
nations  the  following  conclusions  and  recommendations  are  in¬ 
dicated  : 

1.  The  fins  that  are  completely  submerged  in  the  body¬ 
boundary  layer,  dp/2bp  =  0.52,  have  lift-curve  slopes  that  are 
30  to  40  percent  lower  than  the  values  for  the  fins  alone.  The 
fin-body  configurations  which  are  subjected  to  a  minimum  body¬ 
boundary  layer,  dp/2bp  =  1.43,  have  lift-curve  slopes  that  are 
30  to  40  percent  higher  than  the  values  for  the  fins  alone. 

2.  The  average-spanwise  center  of  pressure  of  the  fins 
moves  outboard  as  the  fin-aspect  ratio  and  diameter-span  ratio 
are  decreased. 

3.  The  lift  induced  on  the  body  by  the  fins  increases 
with  an  increase  in  the  diameter-span  ratio. 

4.  The  lift-curve  slope  of  the  fins  increase  with  an  in¬ 
crease  in  taper  ratio  for  all  diameter-span  ratios.  Also,  the 
average-spanwise  center  of  pressure  moves  outboard  with  an  in¬ 
crease  in  fin-taper  ratio  and  a  decrease  in  diameter-span 
ratio. 

5.  The  static  lateral  force  and  yawing  moment  coeffi¬ 
cients  results  for  all  the  fins  located  at  a  given  longitudi¬ 
nal  position  on  each  body  collapse  on  a  straight  line  which 
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passes  through  the  bare  body  values  and  has  a  slope  equal  to 
the  effective  longitudinal  center  of  pressure  of  the  forces 
acting  on  the  fins  and  induced  on  the  bodies. 

6.  The  effective  longitudinal  center  of  pressure  of  the 
forces  acting  on  the  fins  and  induced  on  the  body  are  in  rea¬ 
sonable  good  agreement  with  the  longitudinal  distance  from  the 
CB  to  the  quarter-chord  line  of  the  fins  for  the  Series  58 
body . 

7.  The  adverse  sidewash  created  by  the  trailing  vortices 
generated  by  the  lift  of  body-fairwater  combination  decreases 
the  lift  on  the  upper  fins  and  increases  the  lift  on  the  lower 
fins.  As  a  result  the  total  fin  lift  is  about  30  to  40  percent 
less  than  the  cases  without  the  fairwater. 

8.  The  flow  survey  and  visualization  techniques  provide  a 
physical  picture  of  the  flow  fields  in  which  the  fins  operate 
and  a  better  understanding  of  the  factors  affecting  the  fin 
contributions . 

9.  The  Modified  Lifting  Surface  Method  overpredicts  the 
fin-lateral  force  and  lateral  force  induced  on  the  body  for  the 
thick-boundary  layer  cases  (dp/2bp  =  0.52).  However,  it  ac¬ 
curately  predicts  the  forces  for  the  minimum  boundary  layer 
cases  (dp/2bp  =  1.43). 

10.  An  accurate  prediction  of  the  fin-lateral  force  and 
lateral  force  induced  on  the  body  for  the  thick-boundary  layer 
(dp/2bp  =  0.52)  cases  was  obtained  by  using  values  of  the  lift- 
curve  slopes  for  the  fins  alone. 
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It  is  recommended  that  the  present  study  be  expanded  to 
include  other  fin  geometries  in  combination  with  Series  58 
bodies  having  various  fineness  ratios.  Also,  the  interference 
effects  of  fairwaters  on  the  stern  appendages  should  be  sys¬ 
tematically  studied.  The  introduction  of  the  Planar  Motion 
Mechanism  System  as  a  research  tool  can  now  be  used  to  effi¬ 
ciently  carry  out  such  investigations  using  large  models.  In 
addition,  the  PMM  can  be  used  to  evaluate  the  rotary  and  ac¬ 
celeration  derivatives  for  the  systematic  series.  The  results 
of  such  systematic  studies  can  provide  the  designer  with  a 
powerful  "data  base"  which  is  presently  nonexistent.  These 
results  can  also  be  used  to  check  and/or  develop  close-form 
expressions  for  prediction  of  the  stability  coefficients. 
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FIGURE  4  -  PHOTOGRAPH  OF  TYPICAL  MODEL  INSTALLATION 
IN  WIND  TUNNEL 
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FIGURE  5  -  TYPICAL  FLOW-SURVEY  ARRANGEMENT  USING 
PITOT-STATIC-YAW-HEAD  RAKE 


HYDRON  AUTICS,  INCORPORATED 


BODY 

SURVEY 

POSITION 

B1 

A 

B 

C 

B3 

B 

C 

LONGITUDINAL 
DISTANCE  FROM  CB 


43.52 
40.02 

37.52 
40.00 
44.62 


BODY  DIAMETER, 

in. 


3.50 

5.00 

5.90 

12.44 

12.44 


STATIONS 


40.58 


STATIONS 


(ALL  DIMENSIONS  IN  INCHES) 


FICURE  6  -  SKETCH  DEFINING  LOCATION  OF  FLOW-SURVEY 
STATIONS  FOR  BODIES  B1  AND  B3 
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FIGURE  9  -VARIATION  OF  AVERAGE  SPANWISE  CENTER  OF  PRESSURE  WITH 
ASPECT  RATIO  FOR  SEVERAL  DIAMETER  -  SPAN  RATIOS 
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FICURE  13  -  VARIATION  OF  LIFT-CURVE  SLOPE  AND  AVERAGE -SPANWISE 
CENTER  OF  PRESSURE  WITH  TAPER  RATIO  FOR  SEVERAL 
DIAMETER-SPAN  RATIOS.  ASPECT  RATIO  =  2.0 


14  -  VARIATION  OF  YAWING-MOMENT  DERIVATIVE  WITH  LATERAL 
DERIVATIVE  FOR  SEVERAL  FIN-BODY  CONFIGURATIONS 
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FIGURE  17  -  VARIATION  OF  LATERAL-FLOW  ANGLE  PARAMETER 

WITH  VERTICAL  DISTANCE  PARAMETER  FOR  BODY  B3 
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FIGURE  18  -  TUFT  GRID  PHOTOGRAPHS  TAKEN  AT  STERN 
OF  BODY  B 1  AND  Bl+CT.  p  -  6  DEG. 
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APPENDIX  A 


GRAPHICAL  PRESENTATION  OF  LATERAL  FORCE, 
YAWING  MOMENT,  ROLLING  MOMENT,  FIN-LATERAL 
FORCE  AND  FIN-ROOT  BENDING  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  ANGLE 
OF  SIDESLIP 


Configuration 

Fin-Balance 

Position 

Body  Dia . 

In . 

Longitudinal 
Distance  from 
CB,  x’FB 

B1  and  Bl+CT 

A 

4.52 

0.453 

B 

6.30 

0.398 

B3 

A 

12.44 

0.453 
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ROLLING  MOMENT  COEFFICIENTS  WITH  ANGLE  OF  SIDE¬ 
SLIP  FOR  B 1  WITH  FINS  F„F,  TO  F„F„  AT  POSITION  A 


FIGURE  A4  -  VARIATION  OF  LATERAL  FORCE,  YAWING  MOMENT,  AND 
ROLLING  MOMENT  COEFFICIENTS  WITH  ANGLE  OF  SIDE¬ 
SLIP  FOR  B1  WITH  FINS  F„F,  TO  F-F.  AT  POSITION  B 


FIGURE  A5  -  VARIA1TION  OF  UPPER  AND  LOWER  FIN-LATERAL  FORCE  AND 
FIN-ROOT  BENDING  MOMENT  COEFFICIENTS  WITH  ANGLE  OF 
SIDESLIP  FOR  B1  WITH  FINS  F,F_  TO  F.F.  AT  POSITION  B 
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FICURE  A6  -  VARIATION  OF  LATERAL  FORCE,  YAWING  MOMENT,  AND 
ROLLING  MOMENT  COEFFIEINTS  WITH  ANGLE  OF  SIDESLIP 
FOR  B3  WITH  FINS  F,F,  TO  F,F„  AT  POSITION  A 
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FIGURE  All  -  VARIATION  OF  UPPER  AND  LOWER  FIN  LATERAL  FORCE 
AND  FIN-ROOT  BENDING  MOMENT  COEFFICIENTS  WITH 
ANGLE  OF  SIDESLIP  FOR  B1  WITH  FINS  F  F  F  F,  AND 
F„F„  AT  POSITION  B  ^  ^  2  i 
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FIGURE  A13  -  VARIATION  OF  UPPER  AND  LOWER  FIN-LATERAL  FORCE 
AND  FIN-ROOT  BENDING  MOMENT  COEFFICIENTS  WITH 
ANGLE  OF  SIDESLIP  FOR  B3  WITH  FINS  F  F  ,  F  F 
AND  F.F..  AT  POSITION  A 


FIGURE  A14  -  VARIATION  OF  LATERAL  FORCE,  YAWING  MOMENT,  AND 
ROLLING  MOMENT  COEFFICIENTS  WITH  ANGLE  OF  SIDE¬ 
SLIP  FOR  B 1  WITH  FINS  F  F. ,  F_F,,  AND  F0F0  AT 
POSITION  A  4  4  7  7  8  8 
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FIGURE  A16  -  VARIATION  OF  LATERAL  FORCE,  YAWING  MOMENT,  AND 
ROLLING  MOMENT  COEFFICIENTS  WITH  ANCLE  OF  SIDE¬ 
SLIP  FOR  B 1  WITH  FINS  F  F„  AND  F  F  AT  POSITION  B 


FICURE  A17  -  VARIATION  OF  UPPER  AND  LOWER  FIN-LATERAL  FORCE 
AND  FIN-ROOT  BENDING  MOMENT  COEFFICIENTS  WITH 
ANGLE  OF  SIDESLIP  FOR  B1  WITH  FINS  F  F  AND  F  F 
AT  POSITION  B  4  4  7  7 
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FIGURE  A22  -  VARIATION  OF  LATERAL  FORCE,  YAWING  MOMENT  AND 
ROLLING  MOMENT  COEFFICIENTS  WITH  ANGLE  OF  SIDE¬ 
SLIP  FOR  Bl+C.T B1+C.T .+F  F  AT  POSITIONS  A  AND  B 
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FICURE  A23  -  VARIATION  OF  UPPER  AND  LOWER  FIN-LATERAL  FORCE  AND 
FIN-ROOT  BENDING  MOMENT  COEFFICIENTS  WITH  ANGLE  OF 
SIDESLIP  FOR  B1+C.T.+F,  F,  AT  POSITION  A  AND  B 
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FIGURE  A26  -  VARIATION  OF  LATERAL  FORCE,  YAWING  MOMENT,  AND 
ROLLING  MOMENT  COEFFICIENTS  WITH  ANGLE  OF  SIDE¬ 
SLIP  FOR  B 1 +F .  ,  B1+F6,  AND  B3+Fu  AT  POSITION  A  AND  B 
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APPENDIX  B 


graphical  PRESENTATION  OF  VELOCITY 
and  ANGULARITY  CHARACTERISTICS  A? 
THE  STERN  OF  THE  BODY  AS  A  FUNCTION 
OF  ANGLE  OF  SIDESLIP 
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LATERAL  DISTANCE  FROM  BODY  VERTICAL  DISTANCE  FROM  BODY 


LATERAL  DISTANCE  FROM  BODY  VERTICAL  DISTANCE  FROM  BODY 

CENTERLINE,  y,  inches  CENTERLINE,  z.  inches 

STARBOARD  PORT 
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ANGLE  OF  SIDESLIP,  6.  degrees 

FIGURE  B2  -  VARIATION  OF  THE  VERTICAL  AND  HORIZONTAL 

LONGITUDINAL  VELOCITY  PARAMETERS  WITH  ANGLE 
OF  SIDESLIP  FOR  B1+CT  AT  SURVEY  POSITION  A 


LATERAL  DISTANCE  FROM  BODY  VERTICAL  DISTANCE  FROM  BODY 

CENTERLINE,  y,  inches  CENTERLINE,  z,  inches 

STARBOARD  PORT  , 
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FICURE  B3  -  VARIATION  OF  THE  VERTICAL  AND  HORIZONTAL 

LONGITUDINAL  VELOCITY  PARAMETERS  WITH  ANCLE 
OF  SIDESLIP  FOR  BODY  B1  AT  SURVEY  POSITION  B 


LATERAL  DISTANCE  FROM  BODY  VERTICAL  DISTANCE  FROM  BODY 

CENTERLINE,  y,  Inches  CENTERLINE,  2,  inches 

STARBOARD  PORT  . 
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FIGURE  B4  -  VARIATION  OF  THE  VERTICAL  AND  HORIZONTAL 

LONGITUDINAL  VELOCITY  PARAMETERS  WITH  ANGLE 
OF  SIDESLIP  FOR  B1+CT  AT  SURVEY  POSITION  B 
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ANCLE  OF  SIDESLIP,  degrees 


FIGURE  B 5  -  VARIATION  OF  THE  VERTICAL  AND  HORIZONTAL 

LONGITUDINAL  VELOCITY  PARAMETERS  WITH  ANGLE 
OF  SIDESLIP  FOR  BODY  B1  AT  SURVEY  POSITION  C 
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ANCLE  OF  SIDESLIP,  3,  degrees 


FIGURE  B6  -  VARIATION  OF  THE  VERTICAL  AND  HORIZONTAL 

LONGITUDINAL  VELOCITY  PARAMETERS  WITH  ANGLE 
OF  SIDESLIP  FOR  B1+CT  AT  SURVEY  POSITION  C 
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ANCLE  OF  SIDESLIP,  6,  degrees 


FIGURE  B8  -  VARIATION  OF  THE  HORIZONTAL  LONGITUDINAL 
VELOCITY  PARAMETER  WITH  ANGLE  OF  SIDESLIP 
FOR  BODY  B  3  AT  SURVEY  POSITION  B 
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ANGLE  OF  SIDESLIP,  3,  deg. 


FIGURE  BIO  -  VARIATION  OF  THE  LATERAL  FLOW  ANGLE  WITH 
ANGLE  OF  SIDESLIP  FOR  BODY  Bl  AT  SURVEY 
POSITION  A 
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FIGURE  B 1 1  -  VARIATION  OF  THE  LATERAL-FLOW  ANGLE  WITH 
ANCLE  OF  SIDESLIP  FOR  B1>CT  AT  SURVEY 
POSITION  A 
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FIGURE  B 1 3  -  VARIATION  OF  HORIZONTAL-BODY-FLOW  ANCLE  WITH 

LATERAL  DISTANCE  FOR  BODY  B1  AND  B1+CT  AT  SURVEY 
POSITION  A 
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FIGURE  B14  -  VARIATION  OF  VERTICAL-BODY-FLOW  ANCLE  WITH 
VERTICAL  DISTANCE  FOR  B1  AT  SURVEY 
POSITION  A 
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FICURE  B16  -  VARIATION  OF  THE  LATERAL-FLOW  ANCLE  WITH 
ANCLE  OF  SIDESLIP  FOR  BODY  B3  AT  SURVEY 
POSITION  B 
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FIGURE  B17  -  VARIATION  OF  THE  VERTICAL-FLOW  ANCLE  WITH 
LATERAL  DISTANCE  FOR  BODY  B3  AT  SURVEY 
POSITION  B 
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PITOT-STATIC  YAWHEAD  RAKE 
ASSEMBLY  DETAILS,  ANALYSIS, 
AND  CALIBRATION 
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PITOT-STATIC  YAWHEAD  RAKE  ASSEMBLY  DETAILS, 

ANALYSIS,  AND  CALIBRATION 

This  appendix  describes  the  pitot-static  yawhead  rake  that 
was  specifically  designed,  fabricated,  and  calibrated  for  the 
present  investigation.  The  rake  provided  the  ability  to  simul¬ 
taneously  measure  the  velocity  and  flow  angularity  at  the  aft 
end  of  the  body  in  the  vicinity  of  the  fins. 

Pitot-Static  Yawhead  Rake 

The  pitot-static  yawhead  rake  is  made  up  of  six  Prandtl- 
type  pitot-static  tubes  equipped  with  four  additional  orifices 
in  the  hemispherical  head  as  shown  in  Figure  Cla.  The  addi¬ 
tional  orifices  are  used  for  measuring  the  angles  of  pitch  and 
sideslip  of  the  flow  relative  to  the  tube  axis.  As  shown  in 
Figure  Cla,  each  of  the  four  orifices  is  located  on  a  line 
passing  through  the  center  of  the  hemispherical  head  at  an  angle 
of  45-degrees  to  the  axis  of  the  tube.  The  diagonals  through 
these  orifices  are  mutually  perpendicular.  Six  yawhead  tubes 
fastened  in  a  cylindrical  holder  as  shown  in  Figure  Clb  so  that 
the  pitch  and  sideslip  axes  of  the  tubes  are  accurately  aligned 
with  respect  to  each  other.  The  length  of  the  tubes  (distance 
from  head  to  holder)  and  the  tube  spacing  was  established  on  the 
basis  of  the  data  presented  in  References  Cl  and  C2. 

Calibration  Equipment 

The  rake  assembly  was  calibrated  in  the  TMB  24-  x  48-inch 
Low  Turbulence  Wind  Tunnel.  The  calibration  equipment  installa¬ 
tion  is  shown  in  Figure  C2,  Special  wall  plates  were  designed 
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to  support  the  rake  in  the  tunnel.  These  plates  provided  the 
remotely  operated  angle  indexing  feature  shown  in  Figure  C2. 

The  center  of  rotation  of  the  indexing  system  was  the  heads  of 
the  tubes.  The  rake  assembly  could  be  rotated  about  its  center 
support  to  allow  for  calibration  of  both  the  pitch  and  sideslip 
angles  or  combinations  of  these  angles.  The  rake  was  connected 
to  a  multi-tube-inclined-alcohol  manometer  board  shown  in  Fig¬ 
ure  C3 .  A  typical  manometer  board  hookup  for  one  yawhead  tube 
is  shown  in  Figure  C4.  All  readings  were  recorded  by  hand  on 
standard  data  sheets  prepared  for  the  calibration  tests, 

Calibration  Tests 

The  yawhead  rake  was  calibrated  over  a  range  of  pitch  angles 
of  +30  degrees  at  a  zero  sideslip  angle,  and  over  a  range  of 
sideslip  angles  of  +30  degrees  at  a  zero  pitch  angle.  Tests  were 
performed  for  dynamic  pressures  of  from  8  to  25  psf.  All  tests 
were  conducted  with  the  yawhead  rake  in  both  erect  and  inverted 
positions  to  determine  the  asymmetrical  characteristics  of  the 
yawhead  tubes.  The  reason  for  this  procedure  is  discussed  in  the 
following  section. 

Methods  of  Analysis  for  Yawhead 

The  effects  of  yawhead  tube  imperfections,  or  misalignment 
relative  to  the  holder  on  the  resultant  calibrations  are  illus¬ 
trated  in  Figure  C5  for  several  cases.  The  symbols  used  in  this 
section  are  defined  at  the  end  of  the  appendix  and  in  Figure  C6. 

(a)  Perfect  Tube 

Consider  a  perfect  yawhead  tube  initially  at  zero  flow 
angles  and  not  rotated  in  the  holder  as  shown  in  Figure  C5a.  A 
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perfect  head  is  herein  defined  as  one  which  gives  the  same  read¬ 
ings  erect  and  inverted.  The  effect  of  a  perfect  head  can  be 
achieved  by  using  the  mean  curve  between  the  results  for  the 
head  erect  and  inverted.  The  form  of  the  resultant  curves  of 

AP/ (q  )  versus  angle  of  pitch  e  and  angle  of  sideslip  a  are 
c  y 

presented  in  Figure  C5a. 

The  sensitivities  of  the  yawhead  for  the  linear  range  can 
be  expressed  as  follows 

Since  k  =  k  =0,  over  the  linear  portion  of  the  curves: 


and 


p.  -  p*  . 
tvTY 


p.  -  p*  „ 


or 


or 


[1] 


’2] 


(b)  Perfect  Tube  Rotated  in  Holder 

Consider  a  perfect  yawhead  initially  at  zero  flow  angles 
but  rotated  in  the  holder  as  illustrated  in  Figure  C5b.  The  form 
of  the  resultant  curves  are  shown  in  Figure  C5b  and  the  sensitivi¬ 
ties  of  the  yawhead  for  the  linear  range  can  be  expressed  as. 


P1  -  P! 

-jr-y—  -  k,e  +  k,o 


and 


*c'  y 


P3  -  P, 

(qc>y 


k2a  +  k^e 


[3] 


[4] 
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Consider  an  imperfect  yawhead  initially  at  zero  flow 
angles  but  rotated  in  the  holder  as  illustrated  in  Figure  C5c. 
The  form  of  the  resultant  curves  are  shown  in  Figure  C5c.  The 
solid  lines  are  for  the  imperfect  tube  in  the  erect  position, 
dashed  curves  are  for  the  perfect  tube  or  the  mean  curve  be¬ 
tween  the  erect  and  inverted  positions.  The  sensitivities  of 
the  yawhead  for  the  linear  range  can  be  expressed  as, 


and 


kjE  +  k3o  +  c j  +  c3 


k2o  +  k4e  +  c2  + 


m 

£83 


t 
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solving  simultaneously  for  e  and  a 


Calibration  Results 

The  results  of  the  calibration  of  the  yawhead  rake  are  pre¬ 
sented  for  each  tube  in  Figures  C7  through  C13.  The  sensitivi¬ 
ties  for  each  tube  are  listed  on  the  respective  figure.  The 
variation  of  the  sensitivities  (slopes  of  the  calibration  curves) 
with  dynamic  pressure  was  small.  The  results  of  tests  to  de¬ 
termine  the  effects  of  tube  angle  on  the  dynamic  pressure  ratio 
measured  by  each  tube  is  presented  in  Figure  C13,  Average  val¬ 
ues  of  the  ratio  for  +30  degrees  are  shown.  It  should  be  noted 
that  the  dynamic  pressure  ratio  is  very  close  to  1.0  for  tube 
angles  up  to  about  12  to  14  degrees.  (See  Figure  C13.) 

The  use  of  Equations  C9]  and  C103  to  determine  the  air- 
stream  angles  is  a  rather  laborious  process  and  furthermore  is 
only  suitable  over  the  linear  range  of  the  airstream  angles 

( 
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against  the  yawhead  factors,  A  graphical  solution  for  deter¬ 
mining  the  stream  angles  from  the  yawhead  factors  is  contained 
in  Figure  C14.  This  type  of  plot  was  made  by  first  plotting 
the  yawhead  factors  against  the  true  angles  of  the  airstream 
and  picking  off  values  of  the  yawhead  factors  from  Figures  C7 
to  C12  for  every  one-degree  increment  of  e  at  a  =  0  and  for 
a  at  e  =  0. 

The  values  of  the  yawhead  factors  were  then  plotted  on  the 
grid  of  the  paper  (see  Figure  C14)  and  the  points  formed  the 
master  coordinates  for  the  grid  of  the  airstream  angles.  The 
grid  of  the  airstream  angles  was  confined  to  small  angles  of 
sideslip  at  large  angles  of  pitch  and  vice  versa  because  the 
calibration  was  made  through  the  pitch  range  at  zero  sideslip 
only  and  through  the  sideslip  range  at  zero  pitch  only,  and  a 
linear  extrapolation  of  the  curves  to  large  angles  of  both  pitch 
and  sideslip  would  be  erroneous. 

Use  of  Calibration  Charts 

It  is  assumed  that  it  is  desired  to  know  the  angle  of  pitch, 
angle  of  sideslip  and  dynamic  pressure  at  several  points.  Read¬ 
ings  should  be  taken  of  H^,  P^,  P-^ ,  '?2>  ^3  >  ^4*  anc*  manometer 
fluid  temperature  for  each  tube.  Using  Figure  C14,  determine 
the  point  of  common  intersection  of  the  yawhead  factors  on  the 
grid  of  the  paper  and  from  this  point  interpolate  between  the 
superimposed  grid  to  determine  the  angles  of  pitch  and  sideslip, 
e  and  a,  respectively.  The  value  of  H^.  -  P  is  equal  to  the 
dynamic  pressure  and  is  proportional  to  ur.  Using  this  tech¬ 
nique,  angles  can  be  measured  to  an  accuracy  of  about  +0.1  de¬ 
gree. 
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Present  day  data  acquisition  and  digital  computer  tech¬ 
nology  can  provide  a  much  more  efficient  means  of  data  acqui¬ 
sition  and  data  reduction  (solution  of  Equations  C93  and  1101.) 
These  techniques  also  permit  the  using  of  the  nonlinear  range 
of  the  tube  calibration  results. 


HYDRONAUTICS ,  Incorporated 


-C8- 

SYMBOLS 


e 


a 


«c>y 

H 

Hy 

P 

P„ 


4 

AP 


The  symbols  used  in  this  apprendix  are  defined  as  follows 

angle  of  pitch  of  airstream  with  respect  to  the  axis  of 
the  tube,  positive  when  airstream  is  rising  with  respect 
to  the  axis  of  the  tube 


angle  of  sideslip  of  the  airstream  with  respect  to  the 
axis  of  the  tube,  positive  when  airstream  is  approaching 
from  right  of  the  axis  of  the  tube 

angle  of  incidence  of  tube  in  pitch  measured  with  re¬ 
spect  to  tunnel  axis,  positive  when  head  of  tube  is  up 
with  respect  to  the  tunnel  axis 

angle  of  incidence  of  tube  in  sideslip  measured  with 
respect  to  tunnel  axis,  positive  when  head  of  tube  is 
to  the  left  of  the  tunnel  axis  looking  upstream 

true  impact  pressure,  H  -  P 


impact  pressure  measured  by  yawhead  tube, 
absolute  total  head 


H 


P 


y 


absolute  total  head  measured  by' yawhead  tube 
absolute  static  pressure 

absolute  static  pressure  measured  by  yawhead  tube 
bottom  orifice  on  yawhead 
top  orifice  on  yawhead 

right  orifice  on  yawhead  looking  upstream 
left  orifice  on  yawhead  looking  upstream 

^1  ”  ^2  or  ^3  ~  ^4 
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<pi  -  V'<V>y 

(P3  -  P4)/(qc)y 

4P/(qc)y 

(<<c)y/<lc 


yawhead  factors 


impact  pressure  calibration  factor 


C 
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yawhead  constants  or  differences  between  the  average 
yawhead  factors  and  yawhead  factor  with  the  tube  erect, 
see  Figure  C5c  for  designations. 
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a.  DETAILS  OF  YAWHEAD  TUBE 


SECTION  A  A 
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SOFT  SOLDER,  AFTER  TUBES 
ARE  ALIGNED  TO  GIVEN 
TOLERANCE  (TYPICAL) 

- 12.000  - 


b.  RAKE  ASSEMBLY 

FIGURE  Cl  PITOT  STATIC  YAWHEAD  RAKE  ASSEMBLY 
(ALL  DIMENSIONS  IN  INCHES) 
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OF  TUNNEL 


FIGURE  C2  -  SKETCH  SHOWING  ARRANGEMENT  FOR  CALIBRATION 
OF  PITOT-STATIC-YAWHEAD  RAKE  ASSEMBLY  IN 
TMB  24  x  48  LOW-TURBULENCE  WIND  TUNNEL 
(ALL  DIMENSIONS  IN  INCHES) 
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FIGURE  C 3  -  INCLINED  MANOMETER  BOARD  USED  FOR  CALIBRATION 
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FIGURE  C4  -  TYPICAL  MANOMETER  BOARD  HOOKUP  FOR  ONE 
PITOT-STATIC-YAWHEAD  TUBE 

(36-TUBE  ALCOHOL  MANOMETER  INCLINED 
AT  5  TO  1) 
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a.  PERFECT  TUBE 


€  <r 

b.  TUBE  ROTATED  IN  HOLDER 


c.  ACTUAL  CASE 

FIGURE  C5  -  SKETCHES  SHOWING  EFFECTS  OF  YAWHEAD  TUBE 
IMPERFECTIONS  ON  CALIBRATION  CURVES 
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a.  PITCH  ANCLE  VARIATION 


FIGURE  C 8  -  VARIATION  OF  YAWHEAD  PARAMETERS  WITH 
ANGLE  OF  INCIDENCE  OF  THE  TUBE  NO.  2 
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TUBE  ANCLE  it,  deg. 


b.  SIDESLIP  ANCLE  VARIATION 


FIGURE  8  -  CONCLUDED 
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a.  PITCH  ANGLE  VARIATION 


FIGURE  C 9  VARIATION  OF  YAWHEAD  PARAMETERS  WITH 
ANGLE  OF  INCIDENCE  OF  THE  TUBE  NO.  3 
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-32-28-24-20-16-12-8  -40  4  8  12  16  20  24  28 

TUBE  ANGLE  if,  deg. 


b.  SIDESLIP  ANGLE  VARIATION 


FIGURE  9  CONCLUDED 


RAKE  ERECT  RAKE  INVERTED  SLOPES  CORRECTIONS 
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-32-28-24-20-16-12-8  -40  4  8  12  16  20  24  28 

TUBE  ANGLE  it,  deg. 

a.  PITCH  ANGLE  VARIATION 

FIGURE  CIO  -  VARIATION  OF  YAWHEAD  PARAMETERS  WITH 
ANCLE  OF  INCIDENCE  OF  THE  TUBE  NO.  4 
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TUBE  ANCLE  i(,  deg. 


a.  PITCH  ANCLE  VARIATION 


FIGURE  C11  -  VARIATION  OF  YAVVHEAD  PARAMETERS  WITH 
ANGLE  OF  INCIDENCE  OF  THE  TUBE  NO.  5 
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b,  SIDESLIP  ANCLE  VARIATION 


FIGURE  C11  -  CONCLUDED 
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-32-28-24-20-16-12-8  -40  4  8  12  16  20  24  28 

TUBE  ANCLE  if,  deg. 


a.  PITCH  ANCLE  VARIATION 


FIGURE  C 12  -  VARIATION  OF  YAWHEAD  PARAMETERS  WITH 
ANGLE  OF  INCIDENCE  OF  THE  TUBE  NO.  6 
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RAKE.LRECT  rake  inverted  slopes  corrections 


TUBE  ANCLE  i(,  deg. 
b.  SIDESLIP  ANGLE  VARIATION 


FIGURE  C 1 2  -  CONCLUDED 
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FIGURE  C 1 3  -  VARIATION  OF  DYNAMIC  PRESSURE  RATIO  WITH 
ANGLE  OF  INCIDENCE  OF  THE  TUBE 
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a.  TUBE  NO.  2 

FIGURE  C 1 4  -  CHARTS  FOR  DETERMINING  THE  FLOW  ANGLES 
FROM  THE  YAWHEAD  PARAMETERS 


til; 
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b.  TUBE  NO. 3 
FIGURE  C 14  -  CONTINUED 


ancle  of  sideslip, 
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csuMRarm  cmr  ms  hake- 


ANCLE  OF  PITCH,  i.  deg. 


c.  TUBE  NO.  4 


FIGURE  C  1 4  -  CONTINUED 
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FIGURE  C  1 4  -  CONTINUED 
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ANCLE  OF  PITCH,  i.  deg. 


e.  TUBE  NO.  6 
FIGURE  C  1 4  -  CONCLUDED 
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DESCRIPTION  OF  THE  MODIFIED-LIFTING  SURFACE 
METHOD  USED  IN  THEORETICAL  CALCULATIONS 

This  appendix  presents  a  review  of  several  methods  for  cal¬ 
culating  the  lift  curve  slope  of  wings  or  fins  alone  as  well  as 
in  the  presence  of  a  body.  Specifically,  a  detailed  description 
of  a  finite-step  or  modif  ied-lif  ti.ng  surface  method  will  be  de¬ 
scribed  and  illustrated. 

Fin  Alone 

Lifting-line  and  lifting-surface  theories  have  been  devel¬ 
oped  for  the  prediction  of  the  lift  characteristics  of  wings 
alone  having  various  aspect  ratios  and  sweep  angles.  Some  of 
these  theories  are  compared  with  experimental  results  in  Ref¬ 
erences  D1  and  D2 .  A  semi-empirical  expression  developed  in 
Reference  D1  for  lift-curve  slope  is 


a  a 
o 


5  7.4  a 

-  +  cosA 


[1] 


where 


a 


a 


o 


is  the  slope  of  the  lift  coefficient  of  the  wing 
with  respect  to  the  angle  of  attack  a  in  degrees 
at  a  =  0, 

is  the  effective  aspect  ratio, 

is  the  section  lift  curve  slope,  equal  to  about 
0.9  /2n  \  per  degree  to  account  for  thickness 

l573/ 
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The  lifting  surface  method  of  Weissinger  developed  in  Ref¬ 
erence  D3  provides  the  results  which  have  been  reproduced  in 

Figure  D1 .  Estimates  of  based  on  the  results  of  Figure  D1 

a 

is  preferred  to  Equation  C13  since  it  accounts  for  the  effects 
of  taper  ratio  and  is  also  less  time  consuming  to  use. 

Lifting  surface  methods  employing  a  vortex-lattice  tech¬ 
nique  are  presented  in  References  D4  and  D5 .  In  the  method  de¬ 
scribed  in  Reference  D5  and  illustrated  in  Figure  D2  for  a  wing 
alone  a  finite  number  of  horseshoe  vortices  are  distributed 
along  the  quarter-chord  line  of  the  lifting  surface.  The  down- 
wash  induced  at  the  center  of  each  horseshoe  vortex  along  the 
three-quarter-chord  line  (control  point)  is  equated  to  the  com¬ 
ponent  of  the  velocity  normal  to  the  chord  of  the  lifting  sur¬ 
face  at  each  control  point.  Satisfying  the  boundary  condition 
at  each  control  point  means  that  there  is  no  flow  through  the 
lifting  surface  (see  Reference  D3) .  Also,  calculating  the 
downwash  along  the  three-quarter-chord  line  instead  of  the 
quarter-chord  line  (as  in  the  case  of  lifting-line  theory)  pro¬ 
duces  results  which  are  in  excellent  agreement  with  experimen¬ 
tal  data.  In  addition,  as  illustrated  in  Figure  D3,  a  section 
lift  curve  slope  of  2n  is  obtained  using  the  aforementioned 
conditions.  Applying  these  steps  results  in  a  set  of  simulta¬ 
neous  equations  which  relates  the  strength  of  each  horseshoe 
vortex  to  the  angle  of  attack  at  each  control  point  located 
along  the  three-quarter-chord  line.  Solution  of  the  resulting 
set  of  simultaneous  equations  provides  the  span-load  distribu¬ 
tion,  lift -curve  slope,  center  of  pressure  and  root-bending 
moments  (if  loading  is  asymmetrical) . 
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Brief  ly,  the  downwash  velocity  at  any  point  in  the  plane 
of  the  horseshoe  vortex  can  be  expressed  as, 

r 

w(X.Y)  =  F(X,Y)  [2] 

From  the  Biot-Savart  law,  expressed  in  Reference  D6  (Chapter  XII), 
F(X,Y)  is  the  sum  of  terms  having  the  form: 


F  (X ,  Y)  =  - 


X 


(Y+l) 


(Y-l) 


V  X2  +  (Y+l) 2  Vx2  +  (Y-l)2 


1 

jYZjj 


1  - 


X 


Vx2  +  (Y-l)2 


[3] 


lY+ry 


i  - 


Vx2  +  (Y+l)  2 


] 


and  the  distances  X  and  Y  are  nondimensionalized  by  the  horseshoe 
semispan,  s.  Solutions  to  Equation  C 3 3  for  various  values  of  X 
and  Y  are  tabulated  in  Reference  D7 .  As  shown  in  Figure  D2,  ten 
horseshoe  vortices  are  used  for  the  example.  Based  on  the  fore¬ 
going,  this  would  imply  a  set  of  ten  simultaneous  equations. 
However,  if  the  span-load  distribution  is  symmetrical  only  five 
simultaneous  equations  are  required. 


HYDRONAUTICS ,  Incorporated 

-04- 

Equation  C21  can  be  rewritten  as  follows, 
w(X,Y)  =  Ua  = 

n=l 

Dividing  both  sides  by  Ua 

wftY)  ^21- 

~W~  "  4?  /  F(X*Y)  C5] 

n=l 

where , 

N  is  the  number  of  horseshoe  vortices  (^-)  , 

b2 

a  is  the  aspect  ratio  , 

A  is  the  total  planform  area, 
s  is  the  horseshoe  semispan,  and 
b  is  the  wing  span 

The  lift  per  unit  span  can  be  expressed  as  (see  Reference 

D6) 

L  -  pur2s  [6] 

and  the  lift  coefficient  can  be  written  as 


£ 


2r 


F(X,Y) 


m 


s 

n  =  1 


2r 

n 

5TT 


C7] 
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Dif ferentiating  Equation  173  with  respect  to  a  results  in 
the  expression  for  lift  curve  slope. 


[8] 


which  for  a  symmetrical  loading  becomes 


n=l 


[9] 


If  the  matrix  is  solved  without  modification  of  the  velocity 

term  w_  by  the  factor  4!T  (see  Equation  151),  then  Equation  191 
Ua  N 

can  be  written  as 


[10] 


C 


It  should  be  noted  that  a  section  lift-curve  slope  of  2 IT  is 
assumed  in  the  derivation  of  Equation  1111,  However,  the  effects 
of  airfoil  thickness  on  the  section-lift  curve  slope  can  be  ac¬ 
counted  for  by  using  measured  section-lift  curve  slope  data  from 
Reference  D8  as  shown  in  Equation  C121, 


[11] 


'■VMW 


•  O  P 

Values  of  r  =  n  for  Equation  [11]  are  obtained  from  the 
n  EUa 

simultaneous  solution  of  the  equations  resulting  from  Equation  C 5 3 
using  the  CROUT  method  described  in  Reference  D9  or  present  day 
digital  computer  techniques. 


The  mutual  interference  of  wings  and  bodies  was  first  stud¬ 
ied  by  Lennertz  (see  References  DIO  and  Dll) .  Lennertz  calcu¬ 
lated  the  lateral  and  longitudinal  lift  distribution  on  the  body 
of  an  idealized  wing-body  combination  in  which  the  body  is  rep¬ 
resented  by  an  infinite  circular  cylinder  and  the  wing  by  a 
horseshoe  vortex  having  a  constant  spanwise  circulation,  Th° 
vortices  trailing  from  the  wing  tips  have  images  inside  the  cyl¬ 
inder,  and  the  bound  vortex  is  extended  inside  the  cylinder  to 
join  the  trailing  image  vortices.  With  this  configuration,  the 
boundary  condition  of  zero  velocity  normal  to  the  surface  of  the 
cylinder  is  satisfied  only  at  infinity  and  in  the  plane  normal 
to  the  cylinder  axis  which  passes  through  the  vortex,  so  that  it 
is  necessary  to  superimpose  an  additional  potential,  which  is 
calculated  in  Reference  DIO.  For  this  case  the  lateral  lift  dis¬ 
tribution  is  obtained  by  considering  the  momentum  change  in  a 
vertical  plane  infinitely  far  behind  the  wing,  and  the  logitudi- 
nal  lift  distribution  is  obtained  by  the  use  of  Bernoulli's 
equation.  The  expression  for  lift  coefficient  derived  in  Ref¬ 
erence  DIO,  expressed  in  the  notation  of  the  present  paper,  can 
be  written  as 
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The  work  of  Reference  DIO  and  Dll  have  been  extended  and 
refined  in  References  D12  and  D13.  The  method  used  in  Refer¬ 
ence  D13  combines  the  methods  of  Reference  DIO  and  the  horse¬ 
shoe-vortex  method  of  Reference  D5  described  herein  for  the  fin 
alone  case.  The  modif ied-lif ting  surface  method  described  and 
illustrated  herein  for  the  fin-body  case,  is  similar  to  that 
used  in  Reference  D13  except  that  in  the  present  calculations 
no  corrections  are  made  for  finite-body  length  or  for  rigorously 
satisfying  the  body-boundary  conditions.  In  the  present  method, 
illustrated  in  Figure  D4a,  the  fins  are  represented  by  a  horse- 
shoe-vortex  system  with  images  situated  inside  the  cylinder  at 
the  proper  locations.  The  location  of  the  images  inside  the 
cylinder  is  obtained  as  shown  in  Figure  D4b .  The  velocities  in¬ 
duced  at  the  three-quarter-chord  points  of  the  fins  by  the  vor¬ 
tex  system  and  the  image-vortex  system  are  set  equal  to  the  vel¬ 
ocity  distribution  on  the  fins  due  to  sideslip  angle  and  the  in¬ 
fluence  of  the  body.  For  the  case  of  no  boundary,  the  velocity 
distribution  is  depicted  in  Figure  4c  (see  Reference  D6 ,  page  30). 
Solution  of  the  set  of  simultaneous  equations  gives  the  vortex 
strengths  and  thus  the  forces  on  the  fins  and  the  induced  loads 
on  the  body.  Figure  D4d  illustrates  a  typical  span-load  distri¬ 
bution  that  results  from  the  calculations.  The  procedure  of 
Reference  D12  is  used  to  determine  the  load  distribution  induced 
on  the  body.  An  illustrative  example  for  a  typical  fin-body 
combination  is  presented  in  Figure  D5  and  Table  D1 .  The  case 
presented  in  Table  D1  uses  the  results  of  the  velocity  surveys 
presented  in  Figures  B1  and  BIO.  Using  these  results  the  veloc¬ 
ity  normal  to  the  fin  can  be  expressed  as, 


LLUSTRATIVE  EXAMPLE  OF  MODIFIED-LIFTING  SURFACE  METHOD 
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Jr  ’  tan  6i.  s  sl  [13] 

n 


[i^] 


For  the  case  without  boundary  layer,  Equation  [14]  becomes  in 
accordance  with  Reference  D6, 


[15] 


The  lift  induced  on  the  body  by  the  fin  can  be  expressed  as 
(see  Reference  D12) , 


PU 


N 

£ 

n=l 


(r  ' ) 
v  n  '  b 


2s 


[16] 


where 


(r 

n  /  B 


r  ' 

n 


s  '  f  s  f  constant 
n 


t 


Nondimcnsionalizing  Equation  [16]  and  differentiating  with  respect 
to  a , 


[17] 
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The  ratio  of  the  lift  induced  on  the  body  to  the  lift  induced 
on  the  fin  can  be  obtained  by  dividing  Equation  1171  by  Equa¬ 
tion  19]  . 


[18] 


The  modified  lifting  surface  method  has  been  used  to  calcu¬ 
late  the  lift  on  fins  in  the  presence  of  a  body  as  well  as  the 
lift  induced  on  the  body  by  the  fins  for  a  range  of  fin  aspect 
ratios  and  diameter-span  ratios  for  the  case  of  no  boundary 
layer.  The  results  of  these  calculations  (30  cases)  are  sum¬ 
marized  in  Figures  D6 ,  D7 ,  and  D8 .  The  method  has  also  been 
used  to  calculate  the  effects  of  gap  ratio  for  fins  in  proximity 
to  both  a  reflection  plane  and  a  cylindrical  body.  The  results 
for  the  fin-reflection  plane  case  are  compared  ir  Figure  D9  with 
the  experimental  results  of  Reference  D14.  The  comparison  is 
quite  good.  The  calculated  spanwise  loading  distribution  as  a 
function  of  gap  ratio  is  presented  in  Figure  DIO.  Similar  cal¬ 
culations  which  show  the  effects  of  gap  ratio  for  fin-body  com¬ 
bination  are  presented  in  Figures  Dll  and  D12  and  compared  with 
the  theory  of  References  D15  and  D16. 
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Effects  of  Rollins  Angular  Velocity 

The  lateral  force  and  rolling  moment  coefficients  due  to 

rolling  have  been  calculated  using  the  modified  lifting  surface 

method  for  a  range  of  span-diameter  ratios  typical  of  submarine 

fairwater-hull  combinations.  The  calculations  were  performed 

for  an  aspect  ratio  of  0.8.  Calculations  were  made  for  a 

range  fairwater  aspect  ratios  of  from  0.4  to  1.0.  The  results 

of  these  calculations  did  not  include  the  induced  load  on  the 

body.  However,  the  results  indicate  that  the  effects  of  aspect 

ratio  on  Y  '  and  K  '  are  small. 

P  P 

The  boundary  condition  for  the  rolling  case  to  be  satisfied 
at  each  control  point  along  the  three-quarter  chord  line  can  be 
expressed  as, 


[19] 


Equation  [191  assumes  that  six  horseshoe  vortices  are  distributed 
along  the  fairwater  span  (N  =  6) . 

The  results  of  the  calculations  are  presented  in  Figure  D13 

o  3  o  ** 

as  plots  of  (Yp')(j)  and  (Kp')(^)  versus  the  span-diameter  ratio 
bFW. 

~ar 
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FIGURE  D2  -  VORTEX  PATTERN,  SYSTEM  OF  AXES,  AND  SUBSCRIPTS  USED 
IN  CALCULATION  OF  SPAN  LOADINGS  BY  MODI  FI  ED-LIFTING - 
SURFACE  METHOD 
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FIGURE  D4  -  PICTORAL  DESCRIPTION  OF  THE  MODI  FI  ED-LIFTING  SURFACE  METHOD  USED 

TO  CALCULATE  INTERFERENCE  EFFECTS  OF  FINS  IN  THE  PRESENCE  OF  A  BODY 
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FIGURE  DS  -  SKETCH  OF  FIN-BODY  CONFIGURATION  AND  VORTEX- 
IMAGE  SYSTEM  USED  IN  THE  CALCULATION  OF  SPAN 
LOADINGS  BY  THE  MODIFIED-LIFTING  SURFACE  METHOD 


THEORETICAL  LIFT  ON  FINS  IN  PRESENCE  OF  BODY,  /C.  \  ,  per  deg 
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FIGURE  D6  -  VARIATION  OF  THEORETICAL  LIFT  ON  FINS  IN 
PRESENCE  OF  BODY  WITH  ASPECT  RATIO  FOR 
VARIOUS  DIAMETER-SPAN  RATIOS 
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FICURE  D7  -  VARIATION  OF  THEORETICAL  LIFT  ON  FINS  IN 

PRESENCE  OF  BODY  WITH  DIAMETER-SPAN  RATIO 
*  FOR  SEVERAL  ASPECT  RATIOS 
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FICURE  D9  -  EFFECT  OF  CAP  SIZE  ON  FIN  LIFT  IN  PRESENCE 
OF  A  REFLECTION  PLANE 


F1GURED11-  EFFECT  OF  CAP  SIZE  ON  FIN  LIFT  IN  PRESENCE  OF  BODY 


FIGURE  D12  -  EFFECT  OF  CAP  ON  FIN  LOAD  DISTRIBUTION  PRESENCE  OF  A  BODY 
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